• Delayed retention of learning following exposure to multisensory compared to unisensory cues was examined using a novel category learning task
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Introduction
Educational tools often require children to effectively utilise inputs to multiple sensory modalities. Indeed, 'multisensory' tools are commonly employed within educational environments as a means to support learning, and have a long history in pedagogy (Montessori, 1912; Singleton, 2009 ). Most notably, multisensory techniques have been advocated for children with learning difficulties (Carter & Stephenson, 2012; Ogden, Hindman, & Turner, 1989) , or as an instructional approach to reading remediation (Gillingham & Stillman, 1997) .
Despite a profusion of cognitive research on the development of multisensory integration across early development (e.g., Bahrick & Lickliter, 2000 Brandwein et al., 2011; Bremner, Lewkowicz, & Spence, 2012; Burr & Gori, 2012; Ernst, 2008; Gori, Del Viva, Sandini, & Burr, 2008) , little is understood regarding the efficacy of multisensory learning tools during childhood. That is, although multisensory information has been shown to support perceptual learning as early as infancy (Bahrick & Lickliter, 2000; Flom & Bahrick, 2010; Kirkham, Wagner, Swan, & Johnson, 2012; Lewkowicz, 2000; Richardson & Kirkham, 2004; Wu & Kirkham, 2010) , our understanding of the extent to which children use multisensory information flexibly during classroom learning is relatively limited. Furthermore, the depth and retention of learning following exposure to multimodal compared to unimodal cues has been relatively overlooked, and may have important implications for the utility of multisensory tools for formal learning.
Multisensory components used in educational tools may only moderately resemble the stimuli used to address cross-modal sensitivity in laboratory studies. Addressing the gap between our understanding of mechanisms supporting multisensory integration and the role of multisensory tools in children's learning is therefore an important challenge to pursue. For instance, do changes in ability to integrate bimodal cues across development (e.g., Burr & Gori, 2012; Gori et al., 2008; Nardini, Jones, Bedford, & Braddick, 2008) relate to changes across childhood in the ability to use multisensory cues in children's basic learning tasks?
Recent research has shown that, compared to the use of unimodal cues, synchronous multimodal information can facilitate immediate learning in 6-to 10-year-olds (Broadbent et al., Page 3 of 21 developmentalscience@wiley.com Developmental Science   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   R  e  v  i  e  w  C  o  p  y  O  n  l  y 2017). These authors found that the simultaneous presentation of complementary visual and auditory information, in which both features were informative to category membership, resulted in superior immediate incidental learning of categories than with unisensory cues. This was particularly the case for 6-year-olds, given that learning with auditory cues alone resulted in particularly poor performance.
In a further study, Broadbent et al. (2018) found that an auditory concurrent task resulted in significant detriment to multisensory learning in 6-year-olds, suggesting that at this young age children may have difficulties in using information to different sensory modalities as effectively as older children. Other studies have also reported the beneficial use of synchronous multisensory information on explicit learning tasks, such as teaching reading (Joshi, Dahlgren, & BoulwareGooden, 2002 ) and the acquisition of numerical abilities in children (Baker & Jordan, 2015; Jordan & Baker, 2011; Jordan, Suanda, & Brannon, 2008; Moyer-Packenham et al., 2013; Thornton, Jones, & Toohey, 1983) . However, it remains unclear whether children experience a greater depth of learning from exposure to multisensory cues than unisensory cues, and which would result in superior retention of learning, especially since synchronous audio-visual cues can interfere with each other (Thomas, Nardini, & Mareschal, 2017) . Resolving this issue is of fundamental importance for multisensory learning practices in primary school settings.
The current study aimed to examine the retention of category learning over a 24-hour delay using either unimodal or bimodal cues to inform category membership. Categorization and concept learning are central to many academic skills (Mareschal, Quinn, & Lea, 2013) and can be examined using basic, educationally-relevant tasks (e.g., Broadbent et al., 2017) . A delay of 24-hours was selected to represent a typical period of retention between learning and recall used in a classroom environment and typical of other delayed-retention tasks in children (e.g., Vellutino, Steger, DeSetto, & Phillips, 1975) . In addition, incidental learning is core to education; with learning objectives often encompassing the development of knowledge that has not transpired from explicit instruction. It is, therefore, important to examine the role of unisensory and multisensory cues on incidental learning across childhood. Given that the presentation of multisensory cues leads to superior immediate learning in children (Baker & Jordan, 2015; Jordan & Baker, 2011; Joshi et al., 2002) , and (Broadbent et al., 2017) , we hypothesized that when categorical information is presented simultaneously to more than one modality, this would result in greater retention of incidental learning than with unisensory cues. In light of previous findings of a protracted development of multisensory integration (Burr & Gori, 2012; Gori et al., 2008; Nardini, Bales, & Mareschal, 2015) and ability to utilize multisensory information (Broadbent et al., 2017) , developmental differences across middle childhood in the extent to which multisensory information is supportive of learning were also anticipated.
Methods

Participants
Data from 181 children were included in the study. Participants were selected from three separate age groups; '5-year-olds', N=60, mean age (years) = 5.63, SD= .28, (N= 31 males); '7-yearolds', N=61, mean age= 7.69, SD= .26 (N= 30 males); and '9-year-olds', N=60, mean age = 9.76, SD = .32 (N= 28 males). Participants in each group were randomly allocated to one of three learning conditions: Visual (unisensory), Auditory (unisensory) or Audiovisual (multisensory), in a betweensubjects design; N=20 per condition (except for 7-year-olds, N=21 in the Auditory condition).
Children from each school were allocated across the three conditions, to control for school differences. Sample sizes for each group, per condition, were determined by power analysis for ANOVA with df =1, f = 0.40.
Children were recruited from local schools and informed written parental consent was obtained for each participant, in accordance with the University ethics committee guidelines. All participants had normal hearing and normal (or corrected-to-normal) vision, and no known developmental or neurological disorder, as assessed on the parental consent form. All testing sessions were conducted in a quiet room within the participant's school and children were rewarded for participating with a certificate and stickers. Testing sessions for each participant were conducted over two consecutive days. Session 1 on day 1 lasted approximately 15 minutes. Session 2 was conducted 
Stimuli
The Multisensory Attention Learning Task (MALT; Broadbent et al., 2017 ) is a computerised continuous performance task, developed to examine the role of unimodal and multimodal information on attentional vigilance and incidental learning of categorical information. For full details of stimuli and methods, see Broadbent et al. (2017) . In brief, visual stimuli consisted of seven different animal line drawings; one target animal ('frog') and six non-target animals ('owl', 'dog', 'goat', 'pig', 'elephant', and 'cat'), presented on a 15" laptop screen approximately 50cm in front of the participant.
Auditory stimuli consisted of congruent animal sounds, consistent with the different visual animal stimuli.
Three different learning conditions were used, in a between-subjects design. In the visual condition, contrasting visual features were used to distinguish between two different categories ('families') of frogs. Frogs from family 1 had few spots (2 or 3), varying in size and colours across category members. Members within family 2 had many spots (7 or 8), varying in colours and sizes consistent with members from family 1. Non-target animals were similarly marked with spots of varying colours, size and number, for consistency across stimuli. In this condition, auditory stimuli remained consistent across exemplars so that there was no informative audio dimension. That is, for target stimuli (frogs), only one of the two auditory-cue 'families' (see below for further details) was used, counterbalanced across participants.
In the auditory condition, only auditory features were used to differentiate family members, distinguishable by two different frog croaks. Family 1 exemplars croaked with a 'high and longshort' sound, whilst family 2 exemplars croaked with a 'deep and short-long' croak. In this condition, visual stimuli remained consistent (only visual frogs from one category were used, counterbalanced across participants), so that there was no informative visual dimension. In the audiovisual (multisensory) condition, both visual and auditory features could be used to discriminate category membership. Therefore, given that these cues were presented redundantly in this condition, participants, did not have to attend to both in order to succeed on the task or learn categorical information. For example, family 1 members had few spots (visual) and a long-short croak (auditory), whilst family 2 members had many spots and a short-long croak. The two possible combinations of categorizing audiovisual features were counterbalanced across participants.
The saliency and discriminability level of the visual and auditory features of target exemplars were examined using a discriminability task and pilot study, reported in Broadbent et al (2017) . The authors found no significant differences in children's ability to discriminate across category boundaries in these two conditions, suggesting the visual and auditory tasks were of equal difficulty and salience.
Procedure
Session 1.
Auditory working memory
As a measure of auditory working memory, each participant initially completed the Digit Span Backwards (DSB) task from the British Ability Scales-II (BAS-II; Elliott, Smith, & McCulloch, 1996) .
Multisensory attention learning task (MALT)
Before presentation of the MALT, a short audio and visual detection task was conducted to familiarise participants with task stimuli. Participants were shown one of each animal in turn and asked whether they could hear and see the exemplar. All participants answered affirmatively for each of the seven exemplars and continued with the task.
For the MALT task (Fig. 1 ), participants were instructed to press the space bar as quickly as possible whenever a frog (target) appeared on the screen, whilst inhibiting a response to any other 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Therefore, all participants included in the analyses had received the same number of category learning trials (having observed 50 frogs travelling to their correct habitat). All participants except for two 5-year-olds met response criteria.
Session 2.
Retention of category learning.
To examine the retention of incidental category learning on the MALT after a 24-hour delay, participants were asked to complete a category identification task the following day. Eight exemplars from each category of the given learning condition (total = 16 trials) were presented in a random order. Participants responded verbally to whether the frog had lived at the lily pad or the log during 180) = 12.88, p< .001), with 5-year-olds performing at a cognitive level significantly higher than the 7-and 9-year-old groups (p< .001 and p= .004, respectively). To confirm that the 5-year-olds were performing significantly below the older age groups in raw ability score, these data were also analysed. Results showed a significant effect of Age; 5 years: M = 8.27, 95% CI [7.33, 9.20 48, 63.25] . Results found no differences in working memory ability of children allocated to any sensory condition, F (2, 180) = 1.98, p=.14.
Multisensory attention learning task (MALT).
To examine performance across groups on aspects of sustained attention on the learning element of the MALT, trials to criterion and accuracy (d'prime) scores were calculated. To examine differences across the two between-subjects factors; Age Group (3 levels : 5, 7, and 9 years) and Condition (3 levels: V, A and AV), data were 
Accuracy score (d'prime)
To examine target-detection accuracy on the MALT, z-scores for Hit rates (Hr = total correct hits/ total target trials) and False alarm rates (FAr = Commission errors/ total non-target trials) were but with no significant differences across the sensory conditions on this task.
Session 2
3.2.1 Retention of category learning. As a measure of incidental category learning, mean correct on the category identification test was calculated for each age group and compared across learning conditions (Fig. 2a) . Results of a mixed ANOVA with two between-subjects factors of Age An exploration of the raw scores across groups revealed that a number of participants (six 5-year-olds; sixteen 7-year-olds; and fourteen 9-year-olds), particularly in the visual and auditory conditions, scored either 0, 1, or 2 on the delayed category learning test. Such low scores suggest that these participants were consistently allocating exemplars to the incorrect habitat. That is, they had retained the category boundaries, but not the appropriate category label (the habitat). Chi-squared analysis revealed a trend for older participants to consistently allocate category locations incorrectly more often than the youngest participants, X 
FIGURE 2 HERE
To examine whether incidental categorization performance differed from chance, data were analysed for each Age group and Condition separately, using one-sample t-tests with a test value of 8.
Results showed that participants only scored significantly above chance following AV learning in all age groups (5 years, p=.006; 7 years, p=.014; 9 years, p< .001), with at-chance performance following auditory-or visual-only learning in all groups (p>.05 for all). However, once scores were recoded to account for participants who remembered the category boundaries but not the habitat labels, then children scored significantly above chance in all conditions and at all ages (p<.05 for all). 
Discussion
A novel incidental category learning task, in which category membership was identifiable by either unisensory or multisensory cues, was used to examine the 24-hour retention of learning across childhood. When redundant visual and auditory cues were both informative of category membership and presented in synchrony, this resulted in superior retention of incidental category learning than with unisensory cues, across age groups.
Incidental learning is pervasive in formal educational environments, with learning in naturalistic environments not always arising from explicit instruction. The findings therefore convey meaningful insight as to the efficacy of multisensory learning tools across this age range for not just explicit learning tasks as previously examined (Jordan & Baker, 2011; Jordan et al., 2008; Thornton et al., 1983) , but also for retention of incidental knowledge. Moreover, above-chance performance across age groups was found only when bimodal categorical information was provided, with atchance performance in visual-and auditory-only conditions only found after recoding scores in instances of consistently-incorrect habitat choice. This suggests multisensory cues may have allowed for greater retention of learning of both the category information and the category label (habitat) over a 24-hour period. This finding is in line with previous research proposing a facilitatory effect of multisensory information on children's learning (Baker & Jordan, 2015; Broadbent et al., 2017; Jordan & Baker, 2011; Joshi et al., 2002) . Our results also extend these findings, indicating greater retention of learning, which also consists of more detailed information following learning with multisensory cues compared to unisensory. Research examining multisensory integration at the level of perception suggests that the ability to integrate bimodal cues has a protracted developmental course (Burr & Gori, 2012; Gori et al., 2008; Nardini et al., 2008) , with cue integration not found to be optimal until 8-10 years of age. A notable difference between our research and those examining Bayes-optimal integration is that the current learning task does not require the sensory cues to be fused into a unitary percept or amodal representation, but may be used summatively. Although age-related changes were identified in the current study, our findings suggest that on educationally-relevant tasks, multisensory information can be used beneficially for learning from at least 5 years of age.
In relation to our expectations of developmental effects, although the youngest children performed more poorly than older children, the effect of age was not specific to the use of multimodal information on category learning. This lack of age x condition interaction is in contrast to the findings by Broadbent et al. (2017) on immediate learning of categories following unimodal and bimodal stimuli. In the abovementioned study, a positive correlation between age and categorylearning performance was identified following learning with audiovisual cues and with a trend following auditory-only cues. These contrasting findings may be a direct result of differing levels of ability in the youngest groups across the two studies. In the current study, although there were differences in raw scores on a measure of working memory between groups, the 5-year-olds were significantly higher than 7-and 9-year-olds on the level expected for age. Our high-performing sample of 5-year-olds (in working memory) may therefore have influenced the ability to use bimodal information in this group.
Above-chance performance in the current study may also be a reflection of high verbal working memory ability of the youngest participants. That said, our results indicate there was no relationship between age and working memory. A direct comparison of the performance of the two youngest groups across the two studies would help elucidate this further. Given that no significant developmental effects were found, extending the current study to examine performance in younger children would also be of interest to identify age-related changes in the ability to retain categorical information from multisensory cues compared to unisensory. However, task length and interface may The current findings also prompt other matters that warrant further investigation. In particular, these relate firstly, to the type of learning and retention that multisensory information affords, and secondly, whether it is imperative that the cues required for this type of learning be from multiple different modalities, or whether multiple cues in the same modality would suffice. To clarify the first point, it remains unclear whether multimodal information leads to enhanced stimuli perception and thus greater encoding of categorical features, or whether multimodal cues result in a stronger memory trace that is not subject to as great a level of decay as with unimodal information.
In relation to point two above, it is unclear from our findings whether the results are due to having multisensory information available or a matter of having multiple cues that are informative of category membership. The use of multiple cues compared to unitary information has been found to bolster learning in a number of studies (Kirkham, 2010) ; with the successful integration of multiple redundant cues able to bolster learning as young as 8 months of age (e.g., Kirkham, Slemmer, & Johnson, 2002; Kirkham, Slemmer, Richardson, & Johnson, 2007) . For example, sequence learning was found to be supported using two visual cues of shape and color on a range of novelty preference paradigms (Kirkham et al., 2002) . That said, multiple cues presented within the same modality are not easily averaged (Trommershauser, Kording, & Landy, 2011) , and may compete for attention due to working memory constraints on domain-specific stores (Fougnie, Zughni, Godwin, & Marois, 2015) . Two intra-modality cues may consequently not result in the same level of perceptual facilitation as with multisensory cues. Further research would, therefore, benefit from also including category exemplars with intra-modal informative cues to examine this underlying mechanism.
In conclusion, our findings indicate a facilitative effect of multisensory information on incidental category learning across middle childhood, with greater depth of learning than with unisensory information alone. Our findings, from the use of a novel incidental learning task with a 24-hour delay between task and test of learning, speaks to the efficacy of multimodal cues to support the retention of learning in children. This greater depth of knowledge retained through exposure to Mean correct on category test following recoding for habitat errors. Error bars represent 95% CIs. 
